In bacteria, phospholipids are synthesized on the inner leaflet of the cytoplasmic membrane and must translocate to the outer leaflet to propagate a bilayer. Transbilayer movement of phospholipids has been shown to be fast and independent of metabolic energy, and it is predicted to be facilitated by membrane proteins (flippases) since transport across protein-free membranes is negligible. However, it remains unclear as to whether proteins are required at all and, if so, whether specific proteins are needed. To determine whether bacteria contain specific proteins capable of translocating phospholipids across the cytoplasmic membrane, we reconstituted a detergent extract of Bacillus subtilis into proteoliposomes and measured import of a watersoluble phospholipid analog. We found that the proteoliposomes were capable of transporting the analog and that transport was inhibited by protease treatment. Active proteoliposome populations were also able to translocate a long-chain phospholipid, as judged by a phospholipase A 2 -based assay. Protein-free liposomes were inactive. We show that manipulation of the reconstitution mixture by prior chromatographic fractionation of the detergent extract, or by varying the protein/phospholipid ratio, results in populations of vesicles with different specific activities. Glycerol gradient analysis showed that the majority of the transport activity sedimented at ϳ4S, correlating with the presence of specific proteins. Recovery of activity in other gradient fractions was low despite the presence of a complex mixture of proteins. We conclude that bacteria contain specific proteins capable of facilitating transbilayer translocation of phospholipids. The reconstitution methodology that we describe provides the basis for purifying a facilitator of transbilayer phospholipid translocation in bacteria.
In bacteria, phospholipids are synthesized on the inner leaflet of the cytoplasmic membrane and must translocate to the outer leaflet to propagate a bilayer. Transbilayer movement of phospholipids has been shown to be fast and independent of metabolic energy, and it is predicted to be facilitated by membrane proteins (flippases) since transport across protein-free membranes is negligible. However, it remains unclear as to whether proteins are required at all and, if so, whether specific proteins are needed. To determine whether bacteria contain specific proteins capable of translocating phospholipids across the cytoplasmic membrane, we reconstituted a detergent extract of Bacillus subtilis into proteoliposomes and measured import of a watersoluble phospholipid analog. We found that the proteoliposomes were capable of transporting the analog and that transport was inhibited by protease treatment. Active proteoliposome populations were also able to translocate a long-chain phospholipid, as judged by a phospholipase A 2 -based assay. Protein-free liposomes were inactive. We show that manipulation of the reconstitution mixture by prior chromatographic fractionation of the detergent extract, or by varying the protein/phospholipid ratio, results in populations of vesicles with different specific activities. Glycerol gradient analysis showed that the majority of the transport activity sedimented at ϳ4S, correlating with the presence of specific proteins. Recovery of activity in other gradient fractions was low despite the presence of a complex mixture of proteins. We conclude that bacteria contain specific proteins capable of facilitating transbilayer translocation of phospholipids. The reconstitution methodology that we describe provides the basis for purifying a facilitator of transbilayer phospholipid translocation in bacteria.
Transbilayer movement of phospholipids is a rapid process in many, but not all, biological membranes (7, 8, 26, 43) . Since flip-flop is very slow in pure lipid bilayers (18) , it is generally assumed that biological membranes are equipped with some mechanism to accelerate transport. The plasma membrane of eucaryotes possesses a number of distinct lipid translocation activities that are dependent on ATP or Ca 2ϩ . These include the aminophospholipid translocase (8, 6, 23, 36) , products of certain members of the multidrug resistance (mdr) gene family (31, 34, 38, 39) , and a unique Ca 2ϩ -stimulated, nonspecific lipid translocase (the phospholipid scramblase) that has been purified and cloned (1, 44) . In contrast to the progress in identifying lipid translocators situated in eucaryotic plasma membranes, very little is known about lipid translocators in biogenic (self-synthesizing) membranes such as the endoplasmic reticulum and the cytoplasmic membrane of bacteria. Phospholipid biosynthesis occurs on the cytoplasmic face of these membranes (2, 29, 42) , and in order to form a bilayer the phospholipids must translocate to the opposite leaflet at a rate compatible with cell growth. Flip-flop in these membranes has been found to be fast, with measured half-times ranging from 15 s to several minutes (3, 5, (11) (12) (13) (14) 32) . Although the measured rate of transport varied between assays, possibly due to differences in methodology, all observations to date indicate that transport is independent of metabolic energy, nonspecific toward the phospholipid head group, and probably mediated by proteins (flippases) (11, 12, 20) . However, the mechanisms by which phospholipids translocate back and forth across the bilayer are unknown, and the flippases responsible have not been identified.
We previously used fluorescent phospholipid analogs to measure phospholipid flip-flop in Bacillus megaterium membrane vesicles (11) and demonstrated rapid transport with a half-time of ϳ30 s. We found that transport was protease sensitive and nonspecific toward the phospholipid head group. We also showed that vesicles made from B. megaterium phospholipids were inactive in the assay, consistent with the idea that bacterial proteins were directly or indirectly responsible for lipid translocation. Similar results were found in membrane vesicles from the inner membrane of Escherichia coli, using both fluorescent and natural phospholipids (12, 13) .
To begin a biochemical identification of the mechanism responsible for transbilayer movement of phospholipids in bacterial membranes, we chose to reconstitute the activity from a detergent extract of B. subtilis membranes. Our results clearly show that proteoliposomes reconstituted from the detergent extract can support transbilayer movement of a phospholipid analog as well as long-chain phosphatidylcholine, whereas protein-free liposomes are inactive. Additional analyses demonstrate that activity is due to specific proteins. These results, and the methodology that we describe, lay the groundwork for future purification of a bacterial phospholipid flippase.
MATERIALS AND METHODS
Materials and routine procedures. Antibiotic medium 3 was from Difco Laboratories (Detroit, Mich.), proteinase K, DNase I, and Triton X-100 were from Boehringer-Mannheim (Indianapolis, Ind.), n-octyl-␤-D-glucopyranoside was purchased from Calbiochem (La Jolla, Calif.), and egg phosphatidylcholine (egg PC) was from Sigma Chemical Co. (St. Louis, Mo.). SM-2 BioBeads were from Bio-Rad Laboratories (Hercules, Calif.). Silica 60 thin-layer chromatography (TLC) plates were from EM Science (Gibbstown, N.J. Phospholipids were quantitated by total phosphorus assay (33) . Protein was determined using the Micro BCA (bicinchoninic acid) protein assay reagent from Pierce Chemical Co. (Rockford, Ill.). Samples with a low protein/phospholipid ratio were delipidated prior to protein measurement as described by Wessel and Flügge (41 (16) , dried in a rotary evaporator, coevaporated several times with dry benzene (Aldrich Chemical Co., Milwaukee, Wis.) to ensure dryness, and chemically reacylated by incubation in a chloroform solution containing butyric anhydride and diaminopyridine (10) . Dibutyrylphosphatidylcholine was purified on a silica column (silica gel, 70/230 mesh; ϳ8-ml bed volume). The column was rinsed with 5 column volumes of chloroform, followed by 5 volumes of 2:1 (vol/vol) chloroform-methanol. The product, [choline-methyl- 3 H]dibutyroylphosphatidylcholine, ([ 3 H]diC 4 PC), was then eluted with 1:2 (vol/vol) chloroform-methanol. Fractions containing radioactivity were identified by liquid scintillation counting and characterized initially by TLC using silica 60 plates and chloroform-methanol-acetic acid-water (25:15:4:2, by volume) as the solvent system (Fig. 1A) . Pure fractions were pooled and quantitated precisely with liquid scintillation counting and lipid phosphorus measurement (33) . Typical yields were in the range of 60 to 80% of the starting radioactive DPPC, and the purity of diC 4 PC was ϳ95%. The molecular mass of the product was verified by fast atom bombardment mass spectrometry (M ϩ H ϩ 398.2). The [ 3 H]diC 4 PC was stored at Ϫ20°C in chloroform. Prior to use, the organic solvent was evaporated and the [ 3 H]diC 4 PC was dissolved in the assay buffer.
Preparation of B. subtilis membrane vesicles. B. subtilis strain 1E51 (DB105, hisH aprE⌬ nprE1 nprR2 pgr71; Bacillus Genetic Stock Center, Iowa State University) was used in this study. This strain has several protease genes deleted and was chosen in order to minimize proteolysis during cell breaking and reconstitution procedures. Initial experiments, comparing diC 4 PC transport in membrane vesicles between strains 1E51 and 168, showed no difference between the strains (data not shown).
B. subtilis strain 1E51 was grown in Penassay broth (antibiotic medium 3; Difco Laboratories) at 37°C and harvested in the log phase of growth by centrifugation. Right-side-out B. subtilis vesicles (BSV) were prepared by hypotonic lysis of protoplasts by a variation (11) of the method described by Konings et al. (17) . Inside-out membrane vesicles (iBSV) were prepared by passing cells through a French pressure cell. Briefly, cells were harvested by centrifugation, washed once with water, and resuspended in 50 mM triethanolamine (TEA)-0.25 M sucrose-10 mM MgSO 4 , (pH 7.5) to give a ϳ60-fold-concentrated cell suspension. The suspension was supplemented with 0.2 mg of DNase I/ml of cells and 0.5 mM phenylmethylsulfonyl fluoride (PMSF; from a 150 mM stock in isopropanol) and passed two to three times through a French press at a cell pressure of 10 3 kPa. Dithiothreitol (0.5 mM) was added before each pass. Cell debris was removed by centrifugation at 6,500 ϫ g for 10 min in a JA 14 rotor. The iBSV were collected by centrifugation at 45,000 rpm for 2 h in a Ti 50.2 rotor (ϳ245,000 ϫ g) and resuspended in 50 mM potassium phosphate (pH 6.5) to ϳ5 mg of protein/ml. B. subtilis lipids were obtained by extracting the iBSV by the method of Bligh and Dyer (4). The lipid extract was dissolved in chloroform and stored at Ϫ20°C.
Reconstitution protocol. iBSV were salt washed by incubation for 1 h on ice in 25 mM TEA-125 mM sucrose-1 M potassium acetate-1 mM dithiothreitol (pH 7.5). The vesicles were reisolated by centrifugation and resuspended in 10 mM HEPES-200 mM NaCl (pH 7.5); 10% (wt/vol) Triton X-100 in the same buffer was added to give a final concentration of 1%. The detergent/phospholipid ratio varied but was generally 10 mg of Triton X-100/mol of phospholipid. After 1 h on ice, the undissolved material was removed by centrifugation in a Beckman TLA 100.3 rotor for 30 min at 75,000 rpm (ϳ230,000 ϫ g). The supernatant was diluted twofold into egg PC dissolved in 10 mM HEPES (pH 7.5)-1% Triton X-100. In a parallel sample, a comparable amount of B. subtilis lipids was used instead of the Triton X-100-soluble fraction. H] was added to the detergent solutions as a soluble vesicle content marker. SM-2 BioBeads were washed twice with methanol, three times with water, and once with 10 mM HEPES-100 mM NaCl, pH 7.5 (HS buffer); 100 mg of washed beads was added per ml of detergent solution, and the samples were rotated at room temperature for 3 to 4 h. After incubation, the increased turbidity of the solution indicated vesicle formation. Freshly washed beads (200 mg/ml of solution) were then added, and the suspension was rotated at 4°C overnight. In some experiments, the suspension was incubated for an additional 2 h at room temperature after addition of the second portion of beads before incubation overnight at 4°C. The vesicles were collected by centrifugation in a Beckman TLA 100.3 rotor (45 min at ϳ230,000 ϫ g), and the pellet was washed once in HS buffer. The vesicles were resuspended in HS buffer at a final phospholipid concentration of ϳ11 mM, and [
3 H]diC 4 PC uptake measurements were carried out the same day. Protein recovery in the reconstituted vesicles was ϳ23% and phospholipid recovery was ϳ66% of the amount in the starting material. In initial experiments the ratio of protein to phospholipid was ϳ230 g of protein/mol of phospholipid in the proteoliposomes, but in later experiments the amount of protein was decreased (see figure legends for individual experiments).
Triton X-100 absorbance at 275 nm was used to follow the removal of detergent during the reconstitution (E 1 cm 1% in 10 mM HEPES [pH 7.5]-100 mM NaCl was 21); 600 l of methanol and 300 l of chloroform were added to 150 l of sample. The sample was vortexed and centrifuged to remove precipitated protein. The absorbance at 275 nm was measured, and Triton X-100 concentration 
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was calculated from measurements of identically treated standards. After 1.5-h, 3-h, and overnight incubation at room temperature with SM-2 BioBeads, ϳ75%, ϳ92%, and ϳ99%, respectively, of the Triton X-100 had adsorbed to the beads. When the room temperature incubation was extended for an additional 2 h, 99.5% of the Triton X-100 was removed. The final concentration of Triton X-100 in the reconstituted vesicle preparations was less than 0.01% (wt/vol). To determine if phospholipid degradation was occurring during the reconstitution procedure, the Triton X-100-soluble fraction from B. subtilis and the Bligh-Dyer extract from the same membrane were reconstituted as described above except that 1 of Ci of [ 3 H]DPPC was added to each sample. After reconstitution, lipids were extracted from the vesicles by the procedure of Bligh and Dyer and analyzed by TLC using chloroform-methanol-water (65:25:4, by volume) as the mobile phase. Radioactivity on the TLC plate was detected using a Berthold LB2842 TLC scanner, and unlabeled lipids were visualized with I 2 vapor.
DiC 4 PC transport assay. [ 3 H]DiC 4 PC in chloroform was dried under nitrogen and dissolved in HS buffer to give the desired concentration (usually 30 mM). Then 20-l aliquots of the vesicles were pipetted into 1.5-ml Eppendorf tubes and kept on ice until required. The vesicles were preincubated for 1 min at the assay temperature and transport was initiated by adding [ 3 H]diC 4 PC in HS buffer (usually 5 l) and gently vortexing. The final concentration of [ 3 H]diC 4 PC was generally ϳ6 mM. Transport was stopped by diluting the incubation mixture into 1 ml of ice-cold HS buffer (40-fold dilution) and immediately filtering through a HA 0.45-m-pore-size filter (Millipore) using a Hoefer filter manifold. The filter chamber was cooled, and the filters were wetted by filtering 5 ml of ice-cold HS buffer ϳ10 s prior to filtering the sample. The reaction tubes were washed once with 1 ml of ice-cold HS buffer, and the filter was washed with an additional 5 ml of buffer. The assay background was determined by diluting the vesicles with 1 ml of ice-cold HS buffer before adding the [ 3 H]diC 4 PC and then filtering as described above. The filters were transferred to 20-ml glass scintillation vials; 100 l of 0.1% sodium dodecyl sulfate (SDS) was added, followed by 10 ml of Ready Safe scintillation fluid (Research Products International, Mount Prospect, Ill.). Radioactivity was measured after the filters had dissolved. Experimental points were corrected by subtracting the background from each experiment.
For 3 H]diC 4 PC for 5 and 30 min. After filtration as above, the filters were sequentially extracted with 0.8 ml of water, 2 ml of methanol, 0.9 ml of methanol-water (5:4, vol/vol), 1 ml of chloroform, and 1 ml of chloroform-methanol (1:1, vol/vol). The extracts were combined, centrifuged to remove filter particles, and dried under nitrogen. Pellets were dissolved in 950 l of chloroform-methanol-water (1:2:0.8, vol/vol/vol), and phase separation was induced by adding 200 l of chloroform and 200 l of water. Approximately 70% of the radioactivity was found in the upper phase. The upper and lower phases were analyzed by TLC, using chloroform-methanol-acidic acid-water (25:15:4:2, by volume) as the mobile phase, and radioactivity on the TLC plate was detected with a Berthold LB2842 TLC scanner.
Calculations. DiC 4 PC is transported from the extravesicular volume, through the bilayer, and into the intravesicular space. In a passive, bidirectional transport model, the intravesicular concentration of diC 4 PC at equilibrium is expected to be the same as the starting concentration of the diC 4 4 PC assay. The soluble marker concentration (counts per minute per microliter) in each sample was determined by counting a small sample before reconstitution. The intravesicular mannose volume was then calculated: cpm on filter/cpm/l in starting solution. The fraction of the intravesicular volume occupied by diC 4 PC (percent occupancy) can thus be calculated: l of diC 4 PC/l of mannose.
Electron microscopy. For electron microscopy, a suspension of proteoliposomes or liposomes was diluted 50-fold in 100 mM NaCl-10 mM HEPES (pH 7.5). A drop of the diluted suspension was placed on a carbon-coated copper grid treated with denatured bovine serum albumin. After the vesicles were allowed to adsorb, the grid was washed with ammonium acetate (200 mM) and glycerol (10%). Vesicles were stained with 5% uranyl acetate and 5% glycerol and then washed with a few drops of water containing 5% glycerol. The grid was then shadowed with platinum and examined in a Philips 300 electron microscope. Photographs of fields of vesicles were taken, and vesicle diameters were measured by projecting images of the grid onto a ground glass surface. Photographs of a calibration grid were taken and measured in parallel.
Protease treatment. The Triton X-100-soluble fraction of B. subtilis membrane (Triton extract) was reconstituted in the presence of [ 14 C]mannose to obtain proteoliposomes with 7.8 g of protein/mol of phospholipid. Aliquots of the proteoliposomes (ϳ0.1 mg of protein/ml) were incubated at room temperature for the indicated time with 0.5 or 1 mg of proteinase K/ml. Proteolysis was stopped by adding ϳ3 mM PMSF, and the samples were stored on ice and assayed within 15 min. A control sample was incubated with buffer only, then treated with PMSF, and assayed. The amount of [ 14 C]mannose associated with the proteoliposomes remained constant, indicating that proteolysis did not disrupt the vesicles. DEAE chromatography. DEAE fractionation was performed at 4°C. A 300-l aliquot of a Triton extract (obtained as described above) was applied to a ϳ0.5-ml column of DE-52 (Whatman International Ltd., Maidstone, England) that had been preequilibrated with 20 mM TEA (pH 7.5)-50 mM NaCl-1% (wt/vol) Triton X-100. The column was rinsed with 10 column volumes of the starting buffer, and the bound material was eluted with 10 column volumes of 100 mM NaCl followed by 10 column volumes of 250 mM NaCl, both in 20 mM TEA (pH 7.5)-1% (wt/vol) Triton X-100. The first 1 ml of the unbound material and the two elution steps were collected and reconstituted separately as described above; 100 l of the starting Triton extract was also reconstituted. The NaCl concentration was adjusted to 100 mM in all fractions before the detergent was removed.
Glycerol gradient. Triton extract (500 l) was loaded onto 4.8 ml of a 10 to 25% glycerol gradient in 1% Triton X-100 in HS buffer. The gradient was centrifuged at 4°C for 20 h at 37,000 rpm in an SW 50.1 rotor (ϳ165,000 ϫ g), and ϳ0.4-ml fractions were collected from the top. The top fraction was disregarded, and the next eight fractions were pooled pairwise to yield pools 1 to 4; the remaining three fractions were combined to yield pool 5. Pools from two gradients were combined and dialyzed for 1.5 h against 1% Triton X-100 in HS buffer. The pools and part of the Triton extract (kept at 4°C overnight) were reconstituted separately as described above, using inulin as a content marker. The amount of diC 4 PC transported after 15 min at 25°C was measured the same day. Protein and phospholipid concentrations were measured in the reconstituted pools and delipidated protein samples separated by SDS-polyacrylamide gel electrophoresis (PAGE). The protein/phospholipid ratio was between 3 and 11 g/mol in the reconstituted samples, all within the dynamic range of the diC 4 PC assay. A mixture of standards, containing 125 g each of cytochrome c (2.1S), ovalbumin (3.6S), bovine serum albumin (4.35S), alcohol dehydrogenase (7.6S), ␤-amylase (8.9S), apotransferrin (17.7S), and thyroglobulin (19.4S), was loaded onto a separate gradient and fractionated as described for the samples. The fractions were analyzed by SDS-PAGE.
PLA 2 treatment of liposomes and proteoliposomes. The Triton extract was reconstituted as described above except that [ 3 H]DPPC was added to the detergent solutions (1.25 Ci/mol of egg PC). Different amounts of the Triton extract were used to produce proteoliposomes with increasing protein/phospholipid ratios. Liposomes containing egg PC and [
3 H]DPPC were made similarly. Reconstituted vesicles were resuspended in HS buffer, supplemented with 5 mM CaCl 2 , to give ϳ5 mM phospholipid. A 30-l sample was incubated with phospholipase A 2 (PLA 2 ; 1 U/l; from Naja naja venom [Sigma]; 200 U/mol of phospholipid) at 29°C for 30 min (10-min incubation gave the same amount hydrolyzed in the liposomes). Hydrolysis was stopped by adding 30 l of 120 mM EGTA and 40 l of H 2 O, and samples were immediately extracted by the procedure of Bligh and Dyer (4). Extracted lipids were analyzed by TLC on silica 60 plates, using chloroform-methanol-28% ammonia (65:25:5, by volume) as the mobile phase. Radioactivity on the TLC plates was detected with a Berthold LB2842 TLC scanner. Control samples (with buffer instead of PLA2) as well as samples disrupted with 0.5% Triton X-100 were treated identically.
RESULTS
To measure phospholipid translocation across B. subtilis membranes and reconstituted vesicle membranes, we used [ 3 H]diC 4 PC (Fig. 1A) , a water-soluble analog of phosphatidylcholine (3). Although phosphatidylcholine is not found in B. subtilis, previous observations (11) indicated that phospholipid flip-flop in Bacillus membranes does not discriminate between various glycerophospholipid head groups, allowing us to use this easily prepared water-soluble analog for assay purposes. When incubated with membrane vesicles, the analog is presumed to associate with the outer leaflet of the vesicle membrane, undergo facilitated translocation to the opposite leaflet, and then partition into the intravesicular space. 4 PC uptake was measured in two different B. subtilis membrane preparations: BSV, made by hypotonic lysis of spheroplasts, and iBSV, prepared by homogenizing the cells in a French press. A representative time course for uptake with the BSV preparation is shown in Fig. 1B ; similar results were obtained with iBSV. Single exponential fits of the data yielded rate constants in the range of 0.45 to 0.61 min Ϫ1 (half-time of ϳ1 min) for both membrane preparations, as well as for saltwashed iBSV that were stripped of peripheral membrane proteins. The data indicate that [
3 H]diC 4 PC is taken up rapidly in all of these membrane preparations. Since BSV and iBSV are topologically opposite vesicle preparations, these data suggest that the transport of diC 4 PC in these vesicles is bidirectional. To measure directly the export of diC 4 Fig. 1C , and analyses of several experiments yielded an export rate constant of ϳ0.53 min Ϫ1 (half-time of ϳ1 min). From these data, it is clear that diC 4 PC exits the membrane vesicles rapidly with a rate indistinguishable from that measured for import. Thus, B. subtilis membranes are able to sustain bidirectional transport of diC 4 PC, in agreement with results obtained using fluorescent phospholipid analogs (11) or metabolically labeled bacterial phospholipids (32) .
Reconstitution of diC 4 PC transport in proteoliposomes.
To analyze the mechanism responsible for transbilayer movement of phospholipids in B. subtilis, we reconstituted proteoliposomes from detergent-solubilized iBSV and assayed for [ 3 H] diC 4 PC uptake. As a test of the reconstitution procedure and to establish that residual detergent was not a factor in increasing transbilayer movement (19), we reconstituted a B. subtilis lipid fraction identically. The iBSV were solubilized in 1% Triton X-100, and insoluble material was removed by ultracentrifugation. The supernatant so obtained was supplemented with egg PC before adding SM-2 BioBeads to remove detergent. Greater than 99% of the starting Triton X-100 was removed during the reconstitution procedure. The resulting proteoliposomes showed time-dependent uptake of [ 3 H]diC 4 PC (Fig. 2) with a half-time ϳ1 min. Liposomes containing a comparable amount of B. subtilis lipids mixed with egg PC were inactive. Since the amplitude of the assay signal depends on intravesicular volume, it was conceivable that the lack of measurable transport in the liposomes was the result of their being much smaller than the proteoliposomes. We therefore in- The reconstitution protocol involves an incubation period of several hours at room temperature and overnight at 4°C, leaving open the possibility that lipids are degraded during reconstitution. This is potentially a problem with protein-containing samples that may have active lipases. However, TLC of extracted lipids from proteoliposomes and liposomes containing B. subtilis lipids showed no degradation of phosphatidylcholine and no detectable changes in lipid profile (data not shown). The transport activity in the proteoliposomes is therefore unlikely to be the result of lipid metabolism. We also determined whether [ 3 H]diC 4 PC was being metabolized during the assay. After 30 min of incubation at 37°C with BSV, vesicle-associated [ 3 H]diC 4 PC appeared intact, and no radioactive metabolites were detected (data not shown).
Taken together, the data indicate that a Triton extract of B. subtilis membrane contains a component, not found in a chloroform-methanol (lipid) extract of the same membrane, that allows transport of diC 4 PC. Given the nature of the two extracts, the active component is likely to be a protein.
Vesicle size. The total intravesicular volume can be estimated from the amount of soluble content marker associated with the vesicles. The average volume from many different reconstitutions was 13 (Ϯ7, n ϭ 29) l/mol of phospholipid, corresponding to an average external diameter of 386 nm, if one assumes unilamellar vesicles (see Materials and Methods and reference 27). This number was somewhat dependent on the protein/phospholipid ratio, since vesicles prepared with less protein had a larger average size (data not shown). To obtain an independent estimate of vesicle size and heterogeneity, we used electron microscopy to measure the diameter of vesicles in negatively stained preparations (data not shown). The micrographs revealed that most of the vesicles were round, with a mean diameter (deduced from the mean volume) of 235 nm (155 vesicles measured). The trapped volume ([ 3 H]mannose space) in this particular vesicle preparation was 10.1 l/ mol of phospholipid, which gives an average diameter of 309 nm. If a significant portion of the vesicles were multilamellar, the size calculated from the trapped volume would be expected to be much less than the size deduced from electron microscopy. The corresponding numbers for the lipid-only vesicles were 229 nm deduced from the volume histogram and 234 nm deduced from the [ 3 H]mannose trapping data. Results from vesicles reconstituted with inulin (ϳ5,000 Da) as the content marker were similar (data not shown). Since the trapped soluble marker data provide an overestimate of the intravesicular volume (no corrections were made for extravesicular radioactivity), we conclude that both measurements provide a consistent estimate of vesicular size and that the majority of the vesicles are unilamellar.
Effect of protein concentration on transport. Our data show that the Triton X-100-soluble fraction of B. subtilis membrane contains some component(s) that facilitates transport of diC 4 PC across the bilayer. We therefore expected that the concentration of this component in the proteoliposomes would affect transport. To test this, we created a series of proteoliposomes containing different amounts of the Triton X-100- Fig. 3A , the rate of transport is not affected by decreasing protein/phospholipid ratio; as long as there is any transport, the rate remains relatively constant. Since data from experiments with B. megaterium membrane vesicles (11) using fluorescent phospholipid analogs gave transport half-times of ϳ30 s and the rate of transport of newly synthesized phospholipids in E. coli inner membrane was measured with a half-time of less than 15 s (13), it is likely that the transbilayer movement of diC 4 PC is considerably faster than the observed rate (half-time of ϳ1 min). Thus, the apparent rate in our assay is governed by other processes such as the association of the analog with the membranes. The extent of [ 3 H]diC 4 PC uptake at equilibrium was dependent on the protein/phospholipid ratio in the proteoliposomes (Fig. 3B) 4 PC. The data show that the percent occupancy decreases with decreasing protein/ phospholipid ratio, indicating that a proteoliposome population sparsely populated with protein contains vesicles that lack the ability to transport diC 4 PC. These inactive vesicles could lack proteins altogether, e.g., liposomes such as those described in Fig. 2 , or contain proteins other than those able to transport diC 4 PC. Assuming that the average size of a bacterial membrane protein is 50 kDa and using the data of Mimms et al. (27) to calculate the number of vesicles that we have in our preparations, we suggest that over a significant region of the dose-response curve (Fig. 3B ) the entire population of reconstituted vesicles do indeed contain protein. Thus, the incomplete accessibility of the mannose space to diC 4 PC suggests that a fraction of the vesicles simply lack a diC 4 PC transporter or lack a critical concentration of membrane proteins needed for transport.
From these experiments, we conclude that even though the diC 4 PC uptake assay does not provide the kinetic resolution to measure fast transbilayer movement, it provides a measure of transport activity if used on proteoliposomes with a protein/ phospholipid ratio in the linear range of the curve in Fig. 3B .
Although the phospholipid analog that we used in this study has the structural features of a phospholipid, it is conceivable (as with all analogs) that its particular structural features may lead to results different from those that would be obtained with natural phospholipids. To test if long-chain phospholipids behaved similarly in our reconstituted system, we tested the extent to which a long-chain phospholipid could be hydrolyzed by PLA 2 treatment of liposomes and proteoliposomes. To do this, we reconstituted vesicles containing [ 3 H]DPPC and treated them with PLA 2 . The level of hydrolysis in each case was normalized to the maximal hydrolysis seen in disrupted vesicles. We argued that it should be possible to hydrolyze only ϳ50% of the DPPC in liposomes, whereas hydrolysis should approach 100% in transport-active vesicles. Figure 3C shows that this is exactly the case. The limited accessibility of DPPC to PLA 2 in liposomes indicates (i) that DPPC is roughly evenly distributed over the inner and outer leaflets of the liposomal membrane, (ii) that the transbilayer distribution of DPPC is static, and (iii) that products of phospholipid hydrolysis (lysophosphatidylcholine and fatty acids) do not facilitate transbilayer movement of DPPC. Furthermore, PLA 2 hydrolysis of [ 3 H]DPPC as a function of protein/ phospholipid ratio has a profile similar to that seen with diC 4 PC (Fig. 3B) . The increasing efficiency of hydrolysis seen in the proteoliposome preparations is consistent with transbilayer movement and can be explained by Fig. 3B: only some of the vesicles are capable of translocating DPPC at a low protein/phospholipid ratio, while the majority of the vesicles are transport active at a high protein/phospholipid ratio. These differences in efficiency underscore the point made above that the PLA 2 hydrolysis protocol does not cause a general membrane perturbation resulting in increased transbilayer movement. We conclude that our reconstitution procedures yield proteoliposomes that are capable of facilitating the transbilayer translocation of long-chain phosphatidylcholine under conditions where liposomes are inactive. Thus our assays with diC 4 PC in the reconstituted vesicles reflect the behavior of long-chain phospholipids. Effect of protein modification on transport. Figures 2, 3B , and 3C suggest that specific proteins are required for [ 3 H]diC 4 PC transport. As an additional test of this idea, we assayed the effect of proteolysis on [ 3 H]diC 4 PC transport. In initial experiments, using proteoliposomes with a high protein/ phospholipid ratio, [ 3 H]diC 4 PC uptake was unaffected by pretreatment of vesicles with proteinase K (data not shown). We repeated the experiment with proteoliposomes that were reconstituted to give less than maximum uptake (7.8 g of protein/mol of phospholipid). As shown in Fig. 4 , transport of [ 3 H]diC 4 PC in these preparations was inhibited by proteinase K. The amount of [ 3 H]mannose associated with the proteoliposomes was not affected by proteolysis, indicating that the vesicles remained intact. The proportion of intravesicular volume occupied by diC 4 PC in the control sample was ϳ14%, consistent with what would be expected at this protein/phospholipid ratio (Fig. 3B) . This value dropped to 5% in the longest proteinase treatment, indicating that transport capability of ϳ65% of the vesicles was abolished. The rate of transport was relatively unaffected by the treatment (data not shown), consistent with our proposal that the observed rate in the assay is not that of flip-flop. We conclude that transport activity can be completely abolished by proteolysis in a large fraction of transport-active vesicles.
Fractionation of the Triton extract. As a first step toward characterizing the transport component, we applied the Triton extract to an anion-exchange column and eluted bound proteins in two steps with increasing salt. The flowthrough material and the two eluted fractions were reconstituted separately at a protein/phospholipid ratio in the dynamic range of the transport assay (Fig. 3B) . The data from one of two similar fractionations ( Table 1 ) clearly show that it is possible to generate fractions of different specific activity. The unbound fraction, containing the majority (ϳ75%) of the total activity, was further fractionated on a cation-exchange resin (not shown). Most of the activity from the cation-exchange step was again found in the flowthrough, giving a fourfold increase in specific activity compared to the starting Triton extract. These data indicate that fractionation of the Triton extract and purification of the transporter are feasible.
We next analyzed the Triton extract by glycerol gradient centrifugation using a 10 to 25% glycerol gradient. The data from two separate gradients are shown in Fig. 5 . Vesicles reconstituted from pooled gradient fractions had protein/phospholipid ratios in the range 3 to 11 g/mol, within the dynamic range of the diC 4 PC uptake assay. Protein recovery (measured after reconstitution) was maximal in gradient pool 2 but otherwise distributed broadly across the entire gradient (Fig. 5A) . However, diC 4 PC transport activity was markedly different in the different gradient pools. For example, a comparison of pools 1 and 3 shows that the two pools contain similar amounts of reconstituted vesicle protein (Fig. 5A ) but vastly different total activities for diC 4 PC transport (Fig. 5B) . Thus, vesicles reconstituted from pool 1 are almost completely devoid of diC 4 PC transport activity (Fig. 5B) , while vesicles reconstituted from pool 3 are greatly enriched in transport activity. A one-dimensional Coomassie blue-stained SDS-PAGE profile of proteins (Fig. 5C) shows that both pools contain complex mixtures of proteins with clear differences between them. This result reinforces our conclusion that not all proteins are capable of supporting diC 4 PC transport and that transport is due to specific proteins. Since most of the transport activity (ϳ75% [ Fig. 5B] ) is recovered in pools 2 and 3, we further conclude that the proteins responsible for diC 4 PC transport sediment in the range of 3.6S to 4.3S.
DISCUSSION
Previous reports on phospholipid transbilayer movement in bacterial cytoplasmic membranes have been directed toward characterization of the activity in membrane vesicles or intact cells, using fluorescent phospholipid analogs and naturally occurring phospholipids (11-13, 20, 32) . Our objective was to use biochemical methods to substantiate the hypothesis that membrane proteins are responsible for transbilayer movement in bacterial membranes and to test, in particular, if specific proteins are involved. The goal was to establish a reconstitution system that could be used for eventual identification of the transporter(s). Using this approach, we found that the transport activity is associated with the detergent extract of the bacterial membrane, not the lipid extract, and is inhibited by proteolysis, confirming that proteins play a direct or indirect role in phospholipid translocation. Since we were able to generate protein-rich fractions essentially devoid of transport activity (pool 1 of the glycerol gradient analysis shown in Fig. 5 ), we further conclude that transport is not a general property of membrane proteins. In the same analysis (Fig. 5) , we identified a fraction containing proteins sedimenting at ϳ4S that was greatly enriched in transport activity. Simple anion-exchange fractionation of the detergent extract also resulted in an enrichment of transport activity, reaffirming that specific proteins must be required for transport and indicating that the recon- a All measurements were done in duplicates; the cumulative sample standard deviation is shown in parentheses.
b Since the protein/phospholipid ratio varied between the fractions (1 to 7 g/mol, within the dynamic range of the assay), specific activity was calculated by normalizing activity to the ratio.
c Calculated by multiplying the specific activity by total protein in the sample. The total activity recovered was 682 U, compared to 661 U loaded. stitution system could be used for identification of the transporter.
The measurement of transport activity is perhaps the major obstacle in the study of transbilayer movement of phospholipids. Several different assay systems have been reported (for a review, see reference 26), based on the use of phospholipid analogs as transport reporters. The analogs have increased water solubility that allows for fast insertion into and removal from membranes; assays based on natural phospholipids are generally much slower (13, 15, 32, 38) . The fluorescent assay that we used previously to study phospholipid flip-flop in B. megaterium membrane vesicles was impractical when applied to the reconstituted proteoliposomes. We therefore employed an assay based on [ 3 H]diC 4 PC that had been previously used to measure phospholipid flip-flop in rat liver endoplasmic reticulum vesicles (3). This analog is sufficiently water soluble to allow for easy assay of transport from the extravesicular space, through the bilayer, into the vesicle interior. Even though this analog has short acyl chains, it contains the main structural features of a phospholipid. Importantly, we were able to demonstrate a clear correlation between transport of diC 4 PC and flip-flop of long-chain phospholipid. This correlation mitigates uncertainties that stem from our choice of diC 4 PC as a transport reporter. Using the diC 4 PC assay, we confirmed that phospholipid flip-flop in bacterial cytoplasmic membranes is bidirectional and not dependent on supplied energy. We then tested if transport could be reconstituted in proteoliposomes. Initial experiments in which we reconstituted vesicles from octylglucoside or cholate extracts by dialysis showed that diC 4 PC was transported across lipid-only vesicles (data not shown). Since we and others have previously shown that lipid vesicles prepared by means other than detergent reconstitution are incapable of supporting rapid lipid translocation, the effect that we observed with the octylglucoside and cholate-based preparations is likely due to small amounts of residual detergent or trace contaminants in the detergent. Similar results have been previously reported in which, for example, phosphatidylcholine liposomes reconstituted by dialysis of a cholate extract were shown to be able to translocate DPPC (19) . To explore other reconstitution possibilities, we used extracts prepared with Triton X-100 and reconstituted vesicles according to procedures described by Lévy et al. (21) . This approach resulted in a reliable and credible reconstitution. We were thus able to show that the Triton extract of the membrane contained a component(s) that accelerated the transbilayer movement of diC 4 PC.
Analyses of diC 4 PC transport in proteoliposomes containing different ratios of protein to phospholipid revealed that the rate of transport was not dependent on the concentration of the active component. A likely explanation for this is that because of the high water-solubility of this analog, the ratelimiting step in the assay is the association of the analog with the bilayer rather than transbilayer movement. Despite this kinetic limitation, the amount of diC 4 PC transported at equilibrium was clearly dependent on the protein/phospholipid ratio, showing that upon increasing dilution of the detergent extract into egg PC liposomes, a decreasing fraction of the liposomes were active in diC 4 PC transport. This is consistent with the proposal that a specific protein(s) is responsible for transport. Sufficient dilution of the detergent extract to give vesicle populations with less than one transporter per vesicle thus resulted in adequate assay resolution.
Using these dilute reconstitution conditions, we could detect inhibition of transport by proteolysis. Previous data from B. megaterium membrane vesicles showed a twofold decrease in rate of transport upon proteolysis of the vesicles (11), but data from protease treatment of E. coli inner membrane vesicles showed that transport activity was unaffected (12) . The observed noneffect with the E. coli preparation is most likely because the assay used would not have allowed for detection of partial inhibition. The rather harsh proteolysis treatment that we used here did not completely abolish the diC 4 PC uptake since about one-third of the vesicles remained transport active. This protease-resistant activity in the minority of the vesicles could represent a distinct or differently oriented transporter. Consistent with this, we found no effect of protease treatment on vesicles reconstituted at high protein/phospholipid ratios corresponding to maximal diC 4 PC uptake; this can readily be explained only by suggesting that under these reconstitution conditions, all vesicles contain at least one protease-resistant transporter.
Eucaryotic MDR transporters have been implicated in lipid transport, and the idea that their bacterial homologs (35, 40) have similar activity is appealing. Of special interest are the MsbA protein in E. coli (30) and the LmrA protein from Lactococcus lactis. These proteins are both Mdr homologs, and recent work implicates them in transbilayer lipid translocation (22, 45) . MsbA is an inner membrane, ATP-binding protein that is essential for growth (30) . Cells depleted of MsbA accumulate core lipid A and glycerophospholipids in the inner membrane fraction on a sucrose gradient, suggesting that the protein has a role in lipid transport to the outer membrane (45) . Whether MsbA is able to transport both core lipid A as well as phospholipids as the authors suggest is unclear, and reconstitution studies of the type described in this paper should help to resolve this issue.
The LmrA protein presents a somewhat different picture. Analyses of LmrA-containing proteoliposomes showed that under conditions where LmrA was able to transport drugs in an ATP-dependent fashion (22) , it was also apparently able to translocate a fluorescent analog of phosphatidylethanolamine, 1-myristoyl-2-[6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino] caproyl-sn-glycerol-3-phosphatidylethanolamine (1-myristoyl-2-C 6 -NBD-PE). Some ATP-independent transport of other fluorescent phospholipids (bearing a short C 6 acyl chain modified by the fluorescent NBD group) was seen, but only the transport of C 6 -NBD-PE was stimulated by ATP. Surprisingly, C 6 -NBD-PE did not accumulate strongly in the inner leaflet of the proteoliposomes, as would be expected for a vectorial transport process. These data, together with the results for MsbA, suggest that Mdr homologs may play a role in transbilayer translocation of lipids in bacteria. However, the ATP dependence and the vectorial nature of transport catalyzed by Mdr proteins contrast with the ATP-independent, bidirectional transport activity that we describe here. Thus, while Mdr proteins and their homologs may well act to transport certain lipid intermediates unidirectionally across the bacterial cytoplasmic membrane, it is unlikely that they catalyze bidirectional, energy-independent translocation of phospholipids in biogenic membranes.
Several pore-forming antimicrobial peptides have been shown to increase the transbilayer movement of fluorescent phospholipids (9, 24, 25, 28) . Various models have been proposed for the mechanism of their action (for a review, see reference 37), including a peptide-induced continuum between the outer and inner monolayer that would allow lipids to diffuse between the two leaflets. Because of the energy-independent, bidirectional characteristics of transbilayer movement in bacterial membranes, this model represents an attractive hypothesis for the mechanism. These peptides are, however, unlikely candidates for the bacterial phospholipid flippase because of the leakage of ions and small water-soluble molecules that accompanies their action. Nevertheless, having a reliable reconstitution system now allows these models to be examined while affording the promise of methodology for the direct purification of a phospholipid translocator.
